been used t o produce f l a t concentration p r o f i l e s f o l lowing heavy implantations of Ga, B, P , and As a t energies up t o 350 keV. The influence of t h e f r e e c a r r i e r concentration on the zone center phonon f r equency has been studied by Raman s c a t t e r i n g with v i o l e t and u l t r a -v i o l e t Cw l a s e r l i n e s t o ensure t h a t only t h e implanted region was sampled. We find a softening of the zone center o t i c mode in Si :As (Ne 2 3 x 1021 cm-3) of 10 cm-1 and f o r Si:a (Np = 1 x 1051 cm-3) a softening of 5 20 cm-1.
High dose implantation followed by pulsed l a s e r annealing has t h e demonstrated cap a b i l i t y of producing substitutional dopant concentrations i n Si f a r exceeding normal solid s o l u b i l i t y l i m i t s / I / . The properties of t h i s u l t r a heavily doped Si a r e of great i n t e r e s t since they provide t e s t s f o r a wide v a r i e t y of phenomena such a s carrier-phonon s c a t t e r i n g a t high d e n s i t i e s , band gap renormalization due t o dense c a r r i e r systems, and c a r r i e r recombination processes a t high density. However, the properties of such heavily doped Si have thus f a r received remarkably l i t t l e attention. In t h i s paper we describe r e s u l t s on the softening or renormalization of t h e zone center o p t i c phonon energy a s a consequence of interaction with t h e dense c a r r i e r (electron o r hole) system in these materials. Other related papers discuss luminescence studies in heavily doped Si and Ge / 2 / , ellipsometric s t u d i e s of broadening and s h i f t s in t h e e l e c t r o n i c s t r u c t u r e /3/ and Raman studies of localized vibrational modes of the dopant atoms /4/. The samples used in t h i s study come from a variety of sources ( s e e acknowledgements), however the majority of samples were implanted a t t h e Fraunhofer I n s t i t u t e (Freiburg) following preparat i o n a t the Max Planck I n s t i t u t e from commercially grown, pure s i n g l e crystal boules. The ion beam was provided by a High Voltage Engineering 350 keV implanter equipped with a hollow-cathode ion source. The focused ion beam a f t e r electromagn e t i c mass separation was swept e l e c t r o s t a t i c a l l y t o achieve a uniform implantation 2 over a 5 x 5 cm area. a v o i d c h a n n e l l i n g . The source f e e d m a t e r i a l s a r e d e s c r i b e d elsewhere / 5 / . I o n i m p l a n t a
t i o n a t a s i n g l e energy r e s u l t s i n a r o u g h l y Gaussian d e p t h d i s t r i b u t i o n o f t h e implanted species. T h i s s e v e r e l y complicates meaningful s t u d y o f t h e ma-
t e r i a l p r o p e r t i e s even a f t e r successful oven o r cw l a s e r a n n e a l i n g /6,7/. However, pulsed l a s e r a n n e a l i n g p e r m i t s a c o n s i d e r a b l e amount of dopant r e d i s t r i b u t i o n when performed a t l a s e r energies s i g n i f i c a n t l y above t h e a n n e a l i n g t h r e s h o l d /I/. I t has r e c e n t l y been shown /8/ t h a t pulsed annealing w i t h mu1 t i p l e 1 aser pulses can p r o v i d e an e s s e n t i a l l y f l a t c o n c e n t r a t i o n p r o f i l e i n t h e r e g i o n which has been i o n implanted. The work of r e f . 8 was performed w i t h a r u b y l a s e r which s u f f e r s from t h e disadvantage t h a t t h e a b s o r p t i o n o f t h e f i r s t p u l s e i n t h e i o n implanted amorphous l a y e r ( i n S i ) i s much h i g h e r than t h e a b s o r p t i o n o f t h e second and subsequent pulses which see r e c r y s t a l l i z e d m a t e r i a l .
I n t h i s work we have performed m u l t i p l e p u l s e annealing w i t h a XeCl l a s e r (Lambda Physi k model EMG 100) w i t h A = 308 nm. T h i s wavelength p r o v i d e s a n e a r l y i d e a l match between t h e a b s o r p t i o n c o e f f i c i e n t s of amorphous and c r y s t a l l i n e S i . Thus we n have used c o n s t a n t p u l s e energies ( t y p i c a l l y 0.8 t o 1.2 ~/ c m~) and r e p e t i t i o n r a t e s o f 1-4 Hz w h i l e r a s t e r scanning t h e sample t o i n s u r e t h a t each p o i n t was annealed w i t h t y p i c a l l y f i v e pulses. The beam was weakly focussed t o an area o f about 500 x 1500 ym. I n each case t h e h i g h e r frequency peak of t h e d o u b l e t shown i n t h e i n s e t i s t h e 520 cm-I Raman l i n e o f t h e pure s u b s t r a t e . The l o w e r energy peak a r i s e s from t h e h e a v i l y doped r e g i o n .
C a r r i e r d e n s i t i e s i n t h e implanted l a y e r were o b t a i n e d v i a i n f r a r e d r e f l e c t i v i t y . We have used t h e l o c a t i o n o f t h e r e f l e c t i v i t y minimum t o g e t h e r w i t h t h e experimental
I o n i m p l a n t a t i o n foll'owed b y p u l s e d l a s e r a n n e a l i n g c r e a t e s a doped s u r f a c e l a y e r o n l y 0.1 t o 0.3 ym deep. I n s i l i c o n t h i s p r e s e n t s major d i f f i c u l t i e s f o r Raman s t u d i e s w i t h t h e usual l a s e r f r e q u e n c i e s , hu
eV, because t h e l i g h t probes w e l l i n t o t h e b u l k o f t h e sample / 7 / . The r e q u i r e d d e c o n v o l u t i o n over t h e dopant
p r o f i l e and the bulk response severely l i m i t the accuracy of the r e s u l t s . Therefore we have used i n t h i s work primarily the v i o l e t (A = 406.7 and 413.1 nm) and UV(X = 356.4 and 350.7 nm) l i n e s of a K r l a s e r . The corresponding Raman probe depths in pure Si a r e /11/ (2a)-' % 6C0 8 and 50 8 f o r the v i o l e t and uv l i n e s , respectively.
To i l l u s t r a t e t h i s behavior we present spectra i n Fig. 1 obtained f o r wavelengths where the l a s e r penetrates s l i g h t l y into the pure bulk material. Comparison of these spectra with others obtained a t shorter wavelengths where t h e absorption depth i s considerably l e s s show t h a t the t r a n s i t i o n zone between bulk and the heavily doped layer has negligible influence on the spectra. This i s consistent with t h e observation t h a t f o r multiple pulse l a s e r annealing t h i s zone i s very narrow /8/.
The influence of f r e e c a r r i e r s on phonon frequencies and phonon lifetimes has been extensively studied in t h e l a s t several years by Raman s c a t t e r i n g /12,13,14/, acous t i c measurements /15/, and neutron s c a t t e r i n g /16/ i n bul k doped semicon~uctors .
The interaction of the Raman phonon with the continuum of electronic excitations gives r i s e t o an asymmetric broadened and shifted Raman l i n e (Fano l i n e shape).
However, the asymmetry becomes negligibly small a s the l a s e r frequency approaches the resonance f o r d i r e c t electronic band-to-band t r a n s i t i o n s . For Si the v i o l e t and uv l i n e s a r e close t o the EA, El d i r e c t gap and hence t h e asymmetry i s very .
small compared t o the broadening which occurs in the extremely heavily doped samples which a r e the subject of t h i s study. Thus we have avoided a detailed analysis of t h e Fano l i n e shape parameters and present the s h i f t s of the Raman l i n e s which a r e d i r e c t l y observed. CARRIER CONCENTRATION (~r n -~ 1 Fig. 2 -S h i f t of the Raman l i n e in doped S i . Data on bulk doped samples a r e from r e f s . 12, 13, and 14. Solid curve f o r p-type Si i s from r e f . 16. Dashed curve showing l i n e a r dependence on concentration serves only a s an overall reference f o r the n-type data.
In Fig. 2 a r e displayed our r e s u l t s f o r the s h i f t s of the Raman l i n e in Si f o r several of the implanted samples we have studied. In addition we have plotted r e s u l t s from previous studies on bulk doped samples,
In the case of p-type Si (B-doped) t h e softening o r phonon s e l f energy a r i s e s from
C5-200 J O U R N A L DE PHYSIQUE i n t e r a c t i o n w i t h t h e spectrum o f s i n g l e p a r t i c l e e l e c t r o n i c e x c i t a t i o n s w i t h i n t h e heavy hole, l i g h t h o l e and s p i n -o r b i t -s p l i t v a l e n c e b~n d s .
The s o l i d c u r v e i n t h e f i g u r e i s reproduced from t h e work o f Lawaetz /17/ who has described i n d e t a i l t h e b e h a v i o r f o r p -t y p e m a t e r i a l s . C l e a r l y t h e t h e o r y r e p r e s e n t s q u i t e w e l l t h e t r e n d s o f t h e d a t a a l t h o u g h t h e observed s o f t e n i n g appears t o be s i g n i f i c a n t l y l a r g e r than p r e d i c t e d a t h i g h d e n s i t i e s .
I n t h e case o f n-type S i (As-doped) s o f t e n i n g a r i s e s f r o m phonon i n t e r a c t i o n w i t h i n t e r b a n d c a r r i e r e x c i t a t i o n s between t h e al and a2, bands i n t h e v i c i n i t y o f t h e c o n d u c t i o n and v a l l e y near t h e B r i l l o u i n zone boundary i n t h e (100) directionLlIn t h e h e a v i e s t bulk-doped sample p r e v i o u s l y s t u d i e d a s h i f t o f o n l y 2.3 + 0.2 cm had been observed /13/. I n t h e much more h e a v i l y doped samples o b t a i n e d by pulsed l a s e r annealing t h e observed s h i f t s i n c r e a s e r a p i d l y ( r o u g h l y p r o p o r t i o n a l t o t h e e l e c t r o n c o n c e n t r a t i o n as shown by t h e dashed l i n e i n F i g . 2 ) . O p t i c phonon r e n o rm a l i z a t i o n i n n-type S i has been d e s c r i b e d t h e o r e t i c a l l y i n r e f . 14. The a n a l y s i s y i e l d s a f u n c t i o n a l dependence on c o n c e n t r a t i o n approximately 1 i ke ~z~~ i n t h e h i g h d e n s i t y l i m i t and l i k e Ne f o r small d e n s i t i e s .
The comparison o f bulk-doped w i t h i o n implanted, pulsed l a s e r annealed samples must be t r e a t e d w i t h c a u t i o n , however, s i n c e t h e e f f e c t s o f dopant-induced l a t t i c e cons t a n t changes a r e d i f f e r e n t f o r t h e two types o f samples: I n t h e e p i t a x i a l r e g r o w t h o f t h e PLA m a t e r i a l t h e doped l a y e r i s f r e e t o a d j u s t o n l y i n t h e d i r e c t i o n normal t o t h e s u r f a c e /la/. P r e l i m i n a r y a n a l y s i s i n d i c a t e s t h e e f f e c t s a r e s i g n i f i c a n t , e s p e c i a l l y f o r t h e B-doped S i . Comparisons between p h o t o e x c i t e d and doped mat e r i a l must be done w i t h care, however t h e r e s u l t s here i n d i c a t e c o n s i d e r a b l y l a r g e r phonon s h i f t s t h a n p r e d i c t e d i n r e f . 18.
F o r phonon s o f t e n i n g i n p -t y p e Ge h e a v i l y implanted w i t h Ga and A l , o u r r e s u l t s i nd i c a t e o p t i c phonon s o f t e n i n g as l a r g e as 6% f o r c a r r i e r d e n s i t i e s i n t h e lo2' cm-3 range.
